Vaginal fistula is a shattering maternal complication characterized by an anomalous opening between the bladder and/or rectum and vagina resulting in continuous leakage of urine or stool. Although prevalent in Ethiopia, its magnitude and distribution is not well studied. We used statistical mapping 
Introduction
Vaginal fistula (VF), which is categorised as vesicovaginal or rectovaginal fistula, occurs when there is abnormal opening (fistula) between the bladder and/or the rectum and the vagina 1 . It is most common in developing counties and often occurs after protracted obstructed labour, hence it is referred as obstetric fistula. The condition is highly debilitating and stigmatizing; women suffering from vaginal fistula are often stigmatized [2] [3] [4] . VF is a disease deeply embedded in poverty, harmful practices such as early marriage and inequalities in access to health care. Obstetric fistula is virtually unheard of in developed countries.
Campaign to End Obstetric Fistula was launched in 2003 by The United Nations Population Fund and its implementing partners that sets an agenda for 'the elimination of obstetric fistula' in high burden countries 5 . In line with this global commitment, Ethiopia have targeted to eliminate obstetric fistula by 2020 6 . Data for VF are available at the national level in Africa but there is little information about subnational variations 1, 7, 8 . Although a few studies have reported prevalence of vaginal fistula at specific sites 1,7,9,10 , no studies have examined vaginal fistula prevalence at fine spatial resolution for entire countries. Analysis at country level, although useful for advocacy, may mask subnational geographical variation, which is critical for subnational level planning and measurement of inequalities in a country.
Some studies have been carried out at sub-national level of Ethiopia to establish the burden of obstetric fistula (OF). A study conducted in East Hararghe, South Gondar and West Gojjam over a randomly selected sample of 23,023 women of childbearing age (WCA) (15-49 years) sampled from 113 villages determined the prevalence of OF to be 0.6 per 1,000, of untreated fistula 0.2 per 1,000
and of symptomatic pelvic organ prolapse 10 per 1,000 of WCA 9 . Another study included a total of 19,153 households from seven regions of Ethiopia. Untreated fistula prevalence was estimated at 1.5 per 1,000 WCA. The authors extrapolated their findings and roughly estimated that there were 26, 819 women with untreated fistula in Ethiopia 10 . Finally, another study based on data collected through Demographic and Health (DHS) surveys in 2005 estimated the life time and point prevalence of vaginal fistula to be 7.1 (5.5-8.7) and 5·6 (4·3−7·0) per 1,000 WCA, respectively 7 . Although all the above studies contributed to the body of literature, none of them comprehensively reported local distribution and burden of fistula in the country. In addition, the statistics presented by these studies were based on raw collected data and did not account either for potential risk factors or for ongoing interventions, which have been conducted over the last decade and may have contributed to reduce the burden of vaginal fistula in Ethiopia.
The health system and health services in Ethiopia are devolved to regions and district level (woredas). Therefore, reliable data on the prevalence and burden of OF at district level is imperative for planning and action. However, such kind of data is lacking in Ethiopia despite the clear socioeconomic difference in differ geographies 7, 8 . We aimed to assess the prevalence and burden of VF at subnational level and understand the geographical inequalities in the burden of VF. 
Results

General description
Ethiopian DHS for 2005 and 2016 collected data from 14,070 and 15,683 WCA, respectively. Table 1 shows the number of women with vaginal fistula symptoms and the number who have not been treated for this condition by region. 
Estimated burden of vaginal fistula
The Table   3 ).
The prevalence of untreated VF symptoms was estimated as 4.8 cases per 1000 WCA (95% CI: 2.1- Table 2 ). There has been a significant reduction to 1.4 cases per 1000 (95% CI: 0.5- (Fig 3) .
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Model validation
We provide in a supplementary information (Figures S9 & S10) the output of our validation procedure for the binomial mixed models as described under methods section. We simulated 500 data set from the fitted model and calculated the mean and standard deviation. We then compared the distribution of these two statistics with the ones observed in the data. For both lifetime and untreated OF models, there is agreement between the simulation from our models and the metrics observed in the empirical data, indicating a good predictive performance of the fitted models.
Discussion
This is the first geostatistical analysis to estimate the burden of VF at district level in a developing country setting. We used large scale survey data in combination with socio-economic, demographic and health related continuous data to obtain these estimates. The point and life time prevalence of VF exhibited considerable heterogeneity across districts. The point prevalence of VF, 1.4 per 1000 WCA, is higher than the prevalence reported by Ballard 9 and colleagues (0.2 untreated fistula prevalence per 1000 WCA), and consistent with the 1.5 per 1000
WCA reported by Muleta and colleagues 10 and global estimates for Sub-Saharan (1-1.6 per 1000 WCA) 7, 8 . The point prevalence of VF estimates in 2005 was slightly lower than a previous estimation which used the same data sets 7 . The difference between the two estimations is attributed to the definition of treated cases. We assumed all women who reported, "having received treatment", regardless of the outcome of the treatment, as treated cases. The previous analysis considered those women who did not report the outcome of the treatment as untreated cases.
We estimated that there were 31,961 (95% CI The results also clearly show that vagina fistula is a ubiquitous and spatially heterogeneous health problem in Ethiopia. There is clear clustering of vagina fistula symptoms in some districts. Districts with high burden of untreated vagina fistula symptoms include Fareta, Ebenat and Dessie Zuria at the Amhara region. The number of untreated VF cases varies between districts from 0 to 291. Arguably, districts in the central Amhara, Oromia, and northern SNNP are the areas, which bear the highest burden of VF. These districts required more attention to reduce the burden of VF in the country.
Districts surrounding Hawassa have to some extent access to emergency obstetric care. Thus, it is important to investigate the reason why these districts have high prevalence despite having access to emergency obstetric care. To achieve the elimination of obstetric fistula, the highest burden districts should primarily be targeted to clear the existing backlog of VF symptoms. In addition, investigating district-specific determinants with focus to high burden districts is warranted.
The strength of our analysis include use of large surveys with well powered sample size, covering large geographical areas and population groups and the use of standardize questionnaire for measuring VF. We generated estimates at district level. District level data allows benchmarking of subnational administrative units, which will help identify best and worst performing districts and design tailored interventions for the different scenarios. However, we must acknowledge some limitations of our analysis. First, VF symptoms is a highly stigmatizing condition so that substantial number of women suffering from this condition might have been expelled from their homes due to ostracism by their families and seek refuge in long term care facilities dedicated to patients with fistula. Considering that DHS is a household based survey, the aforementioned scenarios may lead to many cases not being recorded and therefore the point prevalence be underestimated 7, 12 . Second, the DHS surveys only target WCA for self-reported vaginal fistula, although previous studies have documented low incidence of vaginal fistula among women older than age 50 years and those younger than 15 years 7 .
This can also lead to underestimating the prevalence of VF. Finally, measurement bias could be another limitation 13,14 nonetheless, we have accounted for sensitivity and specificity of the DHS questionnaire based on previous studies 7, 13, 15 . However, we do not believe that these limitations diminish the overall interpretations, program and policy implications and actions based on our findings.
Our findings also highlight the importance of tracking symptoms of vaginal fistula at granular level for monitoring and programme evaluation. These can be achieved through collection such data through HEW at regular interval or through routine community based surveillance at district level. factors that contribute to low and high prevalence of VF will have important implications in addressing the root causes of VF as it has been in other studies [16] [17] [18] . Finally, we have demonstrated how spatial analysis can be used to estimate geographical disparity of the burden of vaginal fistula across Ethiopia. Similarly, this framework has the potential to be effectively integrated in the national health information system to track burden of other health conditions in the country. . Social integration of those who suffered fistula that addresses the physical, mental, social, legal and psychological needs of women with this condition is also of paramount importance.
Methods
Data sources
The 2005 and 2016 Ethiopian DHS (EDHS) 6, 22 provide the largest, most comprehensive vaginal fistula assessment in Ethiopia. The surveys are representative at national and regional level in Ethiopia 6, 22 . The surveys included questions that were intended to provide estimates on vaginal fistula 6, 22 .
Administratively, Ethiopia is divided into nine geographical regions and two administrative cities 6, 22 .
The sample for the EDHS was designed to provide estimates of key indicators for the country, for urban and rural areas separately, and for each of the nine regions and the two administrative cities 6, 22 . Each region was stratified into urban and rural areas, yielding 21 sampling strata. Samples of enumeration areas (EAs) were selected independently in each stratum in two stages 6, 22 . Implicit stratification and proportional allocation were achieved at each of the lower administrative levels by sorting the sampling frame within each sampling stratum before sample selection, according to administrative units in different levels, and by using a probability proportional to size selection at the first stage of sampling 6, 22 .
In 6 . They were selected with probability proportional to EA size (based on the 2007 PHC) and with independent selection in each sampling stratum 6 . All women age 15-49 who were either permanent residents of the selected households or visitors who stayed in the household the night before the survey were eligible to be interviewed 6 .
Measurement of outcomes
We aimed to estimate the district-level lifetime and untreated vaginal fistula among WCA and to explore changes overtime. The 2005 and 2016 EDHS included a specific thorough questionnaire of 11 questions intended to diagnose vaginal fistula and to ascertain the severity of the condition 6, 22 .
Women were asked if they had experienced vaginal fistula as defined by 'constant leakage of urine or stool from your vagina during the day and night?' 6, 22 Those who reported suffering from vaginal fistula were asked if they had ever been treated for this condition 6, 22 . We assessed two main estimates of prevalence following the approach used by Maheu-Giroux and colleagues 7 : i) lifetime prevalence of fistula, as the proportion of respondents who reported having ever had symptoms of vaginal fistula, and ii), point prevalence (untreated fistula) of fistula symptoms by excluding those women who sought treatment for vaginal fistula 7 .
Data Analysis
Sources of covariates
As it is detailed below, models for lifetime and untreated vaginal fistula were constructed using a set of covariates that may potentially be associated with the risk for vaginal fistula 7, 15, 23 . We considered covariates that were available as continuous gridded maps for the whole country. From the Spatial Data DHS Program 24 , we obtained modelled surfaces of the following covariates indicated to be associated with a higher risk for vaginal fistula: i) percentage of literate women 23, 25 , ii) proportion of live births in the five (or three) years preceding the survey delivered at a health facility 4, 23, 26 , iii)
proportion of women using any modern method of contraception and iv) proportion of women who had a live birth in the five (or three) years preceding the survey who had four or more antenatal care visits 15, 23 
(Figures 5S & 6S, Supplementary information). These modelled surfaces are available for
Ethiopia at a spatial resolution of 5km x 5km and have been produced using standardized geostatistical methods, publicly available EDHS data collected in 2016, and a standardized set of covariates 27 .
To account for disparities between rural and urban, we used gridded maps of urban accessibility This instrument measures visible and infrared radiation emitted at night-time, resulting in remote imagery of lights on the ground. This information has been correlated with gross domestic product in developed countries [35] [36] [37] and, although far from precise, would provide an indirect measure of poverty in developing countries 38, 39 .
Input grids were resampled to a common spatial resolution of 1 square-km using a bilinear interpolation approach and clipped to match the geographic extent of a map of Ethiopia, and eventually aligned to it 35 . Raster manipulation and processing was undertaken using raster package in in the R software environment 35,39,40 and final map layouts created with ArcGIS 10.5 software (ESRI Inc., Redlands CA, USA).
We followed a model selection procedure to identify an optimal suite of covariates to include in the fixed effects part of the binomial models. In order to reduce any potential collinearity and confounding effects, we first grouped the variables and use a formal model selection criterion to select one variable within each of the groups 41 (Tables S1 & S2 
where
is the maximum log-likelihood function and k is the number of parameters.
Modelling analysis
We estimated district-level prevalence of lifetime and untreated vaginal fistula for 2005 and 2016
across Ethiopia using a binomial mixed model, accounting for fixed effects (covariates) and random effects, for potential unexplained variability between regions 42 . We chose this method over other analytic approaches based on the absence of spatial structure on the prevalence of lifetime and untreated fistula prevalence, explored by fitting an empirical variogram 42 ( Figure S8 . We fitted the model using the lme4 package in the R software environment 42, 43 . Prior to construct the models, observed lifetime and untreated prevalence of vaginal fistula at location level were adjusted by assuming a sensitivity and specificity of fistula questionnaires common to all surveys of 97% and 99% respectively, as suggested by some authors 7, 15 . Adjustment was implemented as suggested by Diggle (2011) 44 .
Models misspecification and goodness-of-fit were tested by simulating dataset (n= 500) from the fitted models, and eventually comparing summary statistics computed on the simulated data with the empirical ones. As result of good model performance, we expect that our model is able to replicate the characteristics of the observed prevalence.
Fitted models were applied on the selected covariates to produce continuous predictions of lifetime and untreated vaginal fistula prevalence, predicted mean prevalence and corresponding 95% credible intervals, at 1km 2 spatial resolutions. Gridded maps of both population density and age structure were obtained from the WorldPop project 42, 45, 46 . We used this gridded population surface for computing the guardians. All experiments involving human subjects and samples in this study were performed in accordance with relevant guidelines and regulations 6, 22 .
Data availability
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